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The dissertation focuses on the broadband characterization of magnetization 
dynamics of submicron (200-550 nm wide, 10 µm long, 100 nm thick) and micron (2-10 
µm wide, 100 µm long, 100 nm thick) size patterned ferromagnetic material (Permalloy, 
Py) with low frequency and microwave measurement methods. Particularly the 
ferromagnetic resonance (FMR), damping process, magnetization reversal, mag-noise, 
and 1/f noise in different pattern geometry, DC current and external magnetic field bias 
situations are investigated. In addition to simple microwave transmission line 
measurements, a sensitive on-chip microwave interferometer is proposed and fabricated 
by means of nano-fabrication techniques. The FMR properties of an individual nanoscale 
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Nanoscale magnetic materials are now an extremely active area of research 
interest as evidenced by recent advances in the development of high-performance 
magnetic microwave devices [1.1-1.3], solid state memory and logic devices [1.4-1.5], 
spin manipulation [1.6] and signal processing devices [1.7]. The discovery of giant 
magnetoresistance (GMR) phenomenon in the late 1980's by Baibich et al. [1.8], was a 
stimulus for the field, in part because of its rapid incorporation into commercial devices, 
from magnetic sensors for magnetic hard drives to the novel non-volatile magnetic 
random access memory (MRAM). Nanoscale magnetic material based spintronics has 
emerged as a new multidisciplinary field which exploits the quantum spin states of 
electrons as well as their charge states [1.9]. It is among the most exciting areas at the 
frontier of nanoscience — they not only have fundamentally intriguing phenomena, but 
also are leading to a variety of promising technological applications.  
The performance of spintronic devices and magnetic microwave devices will be 
eventually limited by several magnetization dynamics of the magnetic layers: 
ferromagnetic resonance (FMR), magnetization switching and noise. For example, with 
the development of magnetic information storage and MRAM technologies, especially 
when data rates approach the GHz-regime where faster read and write speeds are required 
to keep data access time reasonable, the broadband mag-noise should be carefully 
considered. On the other hand, there is a critical need for the extension of current 
magnetic microwave device physics and technology into the high-frequency range of 10-
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100 GHz where FMR precession of ferromagnetic thin films is technologically important. 
Hence, new insight into the magnetization dynamics is highly demanded as precessional 
relaxation phenomena will begin to dominate the dynamic process during the operation of 
the devices based on these conductive elements. Therefore, fundamental research on the 
broadband magnetization dynamics has become a major area of growing interest in both 
scientific and technological aspects.  
Ferromagnetic resonance (FMR) is the main technique for the investigation of 
magnetization dynamics of low dimensional patterned magnetic structures. The 
conventional approaches to the measurement of the FMR response are through shorted 
waveguides, microwave cavity, or stripline techniques [1.10]. FMR spectroscopy has also 
been proposed for study of energy assisted magnetic storage technologies recently. 
Various new FMR methods have also been developed, such as FMR force microscopy 
which uses a scannable probe field for FMR modes imaging, and scanning thermal FMR 
microscopy which has a spatial resolution in 10 nm range [1.10-1.11]. Other 
characterization techniques have also been developed in the last few decades for 
investigating the magnetic properties of thin-film materials. The magnetic force 
microscope (MFM) and the spin-polarized scanning tunneling microscope (SP-STM) 
have been invented to measure local magnetic forces and interactions down to the atomic 
scale. The time-resolved x-ray magnetic circular dichroism (TR-XMCD) technique is 
developed for element- and layer-resolved studies of magnetization dynamics. The 
application of ultrafast laser pulses was another major breakthrough in time-resolved 
studies of magnetization dynamics. Using the magneto-optical Kerr effect (MOKE), the 
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laser-induced magnetization relaxation dynamics can be directly investigated by the all-
optical pump-probe technique.  
In this dissertation, a number of different topics in magnetization dynamics have 
been covered by a systematic approach to the goal of studying the ferromagnetic 
elements for on-chip integration. Novel FMR spectroscopy with ultra high sensitivity is 
also proposed. Below is an outline of the document, each chapter covers an experiment 
topic: 
Ferromagnetic thin films have been explored for high-performance magnetic 
microwave devices, such as inductors. The promising results have shown that the areal 
inductance could be improved by ~28 times with ferromagnetic materials, however, the 
FMR frequency of the studied unpatterned ferromagnetic films falls into the sub-GHz 
range. One strategy to improve their high-frequency performance is to increase the shape 
anisotropy field of the ferromagnetic materials. The properly patterned ferromagnetic thin 
films have ‗built-in‘ high shape anisotropy fields and, therefore, can provide a self-
biasing for high-frequency applications in the 10-100 GHz range. In Chapter 2 we 
demonstrate that a 10 GHz natural FMR frequency can be achieved by patterning 
Permalloy (Py=Ni80Fe20) thin film into nanoscale stripes of large aspect ratios. We 
present the methodology of using FMR spectroscopy for magnetization dynamics studies 
in the patterned magnetic thin films. FMR and complex susceptibility of these thin films 
are observed and extracted from the measured scattering parameters. Effects of sample 
geometry on the FMR and complex susceptibility are investigated. The sample 
fabrication processes and measurement procedures are discussed. 
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Current magnetic storage and complementary metal-oxide-semiconductor 
(CMOS) integrated circuit (IC) systems usually require direct current (DC) passing 
through the magnetoelectronic sensors and magnetic microwave devices. The DC current 
effects on magnetization dynamics of magnetic thin films in these systems are of critical 
importance from the system reliability point of view. Chapter 3 presents the DC current 
effects on the FMR and complex susceptibility of the magnetic samples studied in 
Chapter 2. Comparison between the effects of DC and external static magnetic field on 
the magnetic thin films is conducted. Unexpected magnetization dynamics differences 
between the two situations are observed. It is shown that to get the same FMR frequency 
shift, the required Oersted field is about 20% of the static magnetic field. We attribute the 
phenomena to the unique Joule heating effects of the DC current. Detailed magnetization 
dynamics regarding the observed FMR frequency shift were analyzed by theoretical 
methods and micromagnetic simulations. 
The operation performance of all magnetic storage devices and novel spintronic 
devices will be eventually limited by the magnetization reversal characteristics of 
magnetic thin films. As the areal density of magnetic hard drives keeps increasing, 
different magnetic storage techniques are proposed to solve the trilemma of signal-noise 
ratio, writability and thermal stability. Energy assisted magnetization reversal is one of 
the promising method for future development. FMR spectroscopy is one powerful way of 
the energy assisted magnetization reversal study. In Chapter 4 we present the DC current 
energy effects on the magnetization reversal properties of the nanoscale patterned Py thin 
films. The temperature dependence of the sample coercivity is determined from the 
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Arrhenius model. We observed a 33% coercivity reduction for different nanoscale Py 
patterns at 50 mA biasing DC current. The magnetization reversal mechanisms are also 
analyzed according to the temperature dependence of coercivity.   
As the magnetic pattern dimension keeps decreasing and demanded 
magnetoelectronic sensor sensitivity increasing, noise of magnetic thin films has become 
another critical issue. In Chapter 5 we study the broadband thermal magnetic-noise (mag-
noise) of the nanoscale magnetic thin films by the Y-factor method. Close correlations 
between the mag-noise and FMR absorption was observed. An RLCG model is proposed 
to theoretically model the underlying magnetization dynamics. In Chapter 6 Low 
frequency noise in different micrometer scale Py patterns were measured by a four point 
scheme. Pattern geometry and bias current effects on the material‘s 1/f noise were 
studied. The normalized Hooge parameter and frequency slope were analyzed in the 
framework of the empirical Hooge relation.  
The last chapter presents our development of an on-chip microwave 
interferometer, which has a significantly improved sensitivity compared with 
conventional transmission line methods. The device sensitivity is improved by canceling 
the inherent common-mode background signal in a splitting-rejoining-subtraction 
fashion. A micrometer size Py array was measured by the prototype device fabricated 
with standard photolithography and metallization methods. The effective linewidth and 
complex susceptibility of the sample under test are extracted from the measurement data. 
A development of the device, which has a simplified structure and tapered measurement 
section is also proposed. The new device has a more than 20 dB sensitivity improvement 
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over its prototype. The FMR and damping properties of a single nanoscale Py nanowire 
(70 nm thick, 0.24×5 µm
2 
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CHAPTER TWO 
TAILORING HIGH-FREQUENCY PROPERTIES OF PERMALLOY FILMS BY 
SUBMICROMETER PATTERNING 
 
We have measured shape-induced high frequency properties of patterned 
submicrometer Permalloy (Py) arrays. We sputtered and patterned Py films on gold (Au) 
transmission lines, using chromium (Cr) as adhesion layers for Au and Py deposition. 
Each Py bar in the arrays is 10 µm long and 100 nm thick. The widths of the Py bars in 
two different arrays are 240 and 550 nm, respectively. Micromagnetic simulations 
indicate single domain magnetization distribution in these Py structures. The measured 
ferromagnetic resonance frequencies without bias field are approximately 11.5 and 8 
GHz, respectively. We obtained the corresponding susceptibilities. The experimental 
results agree with theoretical predictions. 
 
II.1 Introduction 
Incorporating ferromagnetic materials into integrated microwave devices is a 
promising approach for the development of on-chip high-performance circuit 
components, such as inductors [2.1-2.3], filters [2.4], and circulators [2.5]. These devices, 
especially inductors, are a bottleneck for system-on-chip (SOC) development. 
Unfortunately, the natural ferromagnetic resonance (FMR) frequencies,  FMRf , of 
ferromagnetic materials are low, mostly lower than a few gigahertz [2.6-2.7]. 
Furthermore, significant losses arise at frequencies far below FMR frequencies. The 
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losses are determined by the imaginary part of the permeability (  ), which follows 4
rf
  
[2.8]. As a result, there have been many efforts to improve FMR frequencies. Exploiting 
shape anisotropy [2.4], [2.9-2.10] of metallic ferromagnetic thin films is one of the 
promising approaches that are compatible with the planar processes of complementary-
metal-oxide-semiconductor (CMOS) technologies. Among the materials that have been 
tested, Py films have attracted much attention for radio-frequency (RF) integrated circuit 
(IC) applications. Nevertheless, only limited FMR frequency improvements have been 
demonstrated for Py films even though large aspect ratios were used [2.6], [2.9-2.12]. On 
the other hand, it was shown that Ni-Fe nanowires with small cross section areas have 
natural FMR frequencies around 20 GHz [2.13-2.14]. However, the fabrication process is 
not compatible with CMOS process. Therefore, it is of great interest to investigate the 
high frequency properties of planar nanometer Py structures that can boost the FMR 
frequencies to 10 GHz and beyond. 
 
II.2 Experiment Arrangement 
Patterned planar Py films with different aspect ratios are incorporated with gold 
(Au) transmission lines for high-frequency property studies. The Au lines are 1 mm long, 
250 nm thick and 5 µm wide. The Py arrays have a length of 10 µm and thickness of 100 
nm with respective widths of 240 nm and 550 nm for two different sample lines. Figure 
II.1 (a) shows a section of the fabricated structure with 550 nm Py width. Figure II.1 (b) 
shows the alignment of the patterned Py array, the Au line, and the measurement contact 
pad. The fabrication used fused silica substrate, standard e-beam lithography, sputtering, 
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and lift-off processes. Chromium adhesion layers with 5–10 nm thickness are used for 
gold and Py deposition. The space between two adjacent Py structures is 100 nm. 
Identical control lines and contact pads, which do not have Py arrays, are also fabricated 
to de-embed high-frequency parasitic effects. Full two-port calibrations were conducted 
before scattering parameter measurements. Parasitic effects from the measurement pads 
and gold lines are de-embedded in Py susceptibility extraction by use of the procedures in 
[2.15-2.16]. 
 
Figure II.1 (a) Scanning electron microscope picture of a fabricated Py array on an Au 
line. Each patterned Py structure is 550 nm wide. The space between two adjacent Py 
structures is 100 nm. (b) Optical micrograph. 
 
II.3 Results and Discussions 
Figure II.2(a) shows the measured scattering parameters (transmission 
coefficients, 21S ) of the sample structures without bias field. A comparison between the 
control line and the sample lines show high FMR frequencies, 11.5 GHz for the 240 nm 
array, and 8 GHz for the 550 nm array. These frequencies are significantly higher than 
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5.3 GHz, which was previously published for planar Py structure that used shape 
anisotropy to boost the FMR frequency [2.11]. In addition, there is a transmission 
coefficient difference between the control line and the sample lines due to two reasons. 
First, the addition of Py arrays increases line inductance but keeps line capacitance 
virtually identical. This increases the high-frequency characteristic impedance. Secondly, 
no insulation layers are deposited between the Py films and the gold lines. As a result, the 
sample line is less resistive, resulting in less resistance, approximately 7% lower DC 
resistance in DC measurements. Therefore, the high-frequency signal attenuation 
coefficients, which are determined by line resistance R  and characteristic impedance 0Z  
through   0exp 2R Z , are smaller. Figure II.2(b) and Figure II.2(c) show the extracted 
susceptibility of the patterned Py films. Figure II.2(d) shows the FMR frequency shift 
upon applying a 50 mA external DC current. The shift qualitatively agrees with 
micromagnetic simulation analysis using the Object Oriented MicroMagnetic Framework 
(OOMMF) [2.17], which accounts for the tilting of the equilibrium angle of the 
magnetization due to the presence of a DC bias magnetic field. Similar phenomena were 
first observed in [2.12]. The shift mechanism will be discussed in the following chapter.  
  12 
 
 
Figure II.2 (a) Signal transmission coefficients (S21). (b) Measured susceptibility (real 
part). (c) Measured susceptibility (imaginary part). (d) FMR frequency shift when a 50 
mA DC current is applied. 
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Figure II.3 shows the magnetization distribution of the 240 nm and 550 nm planar 
Py films obtained from OOMMF simulation, which reliably predicts magnetic domain 
configurations for these types of structures [2.18]. We expect essentially a single 
magnetic domain with negligible closure domain structures. Therefore, the magnetization 
dynamic processes that yield the properties in Figure II.2 are dominated by magnetization 
rotations. Furthermore, OOMMF simulations show that strong static and dynamic 
interactions between two adjacent Py bars occur only when their separation is around 20 
nm or below. Therefore, we assume no strong couplings in the test samples, with each 
individual Py bar in the array behaving independently and identically. We can use Kittel 
equation to calculate the FMR frequencies for a single Py bar. The demagnetization 
factors can be calculated by using the equations in [2.19]. Fig. 4 shows the calculated 
FMR frequency for different Py widths. These material parameters are chosen to match 
the observed FMR frequencies for the 240 nm Py bar. The measured frequency for the 
550 nm Py bar is lower than that from (1), even if a finite is introduced. Possible reasons 
for the deviation include the influence of the closure end domains (as seen in Figure II.3) 
and stronger dipolar coupling for the wider stripes, which may reduce the effective field. 
Nevertheless, Figure II.4 shows that the highest FMR frequency occurs when the long Py 
films have a square cross-section. It suggests a guideline for microwave device design 
and process development. The results also imply that FMR frequencies above 20 GHz 
can be obtained by use of ferromagnetic materials, such as FeCo, that have larger 
saturation magnetizations.  
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Figure II.3 Magnetization distributions of two individual Permalloy bars obtained from 
OOMMF simulation. The dimensions are (a) 240 nm × 10 µm × 100 nm (b) 550 nm × 10 
µm × 100 nm. 
 
 
Figure II.4 FMR frequencies for different Py bar widths. The two dots indicate the 
measured frequencies. 
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The high-frequency susceptibility of the Py structures, when measured 
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where  is the damping parameter. Figure II.5 shows the obtained susceptibility for the 
Py samples with 0.021  . The 550 nm Py film has higher susceptibility, but lower FMR 
frequency, consistent with the measured results in Figure II.2. Theoretical susceptibility 
ratios (both real and imaginary part) are close to that from measured data for frequencies 
below 7.5 GHz. The ratios are taking between the susceptibilities of the two different 
samples. Clearly, Figure II. 2 and Figure II. 5 show a tradeoff between FMR frequency 
and permeability when these films are used for microwave device developments, as 
discussed in the theoretical work in [2.21-2.23]. The FMR linewidth in Figure II.2 is 
larger than that in Figure II.5. Possible reasons for the linewidth broadening include 
sample inhomogeneities between different stripes (i.e., slightly different thickness, width, 
roughness), spin-pumping into the underlying chromium adhesion layer and gold layer 
(since there is no underlying insulating layer), some small residual dipolar coupling. 
Nevertheless, the linewidth broadening is comparable or better than those in previously 
published work, such as that in Fig. 2 of [2.11]. The broadening will limit the highest 
operating frequency for some applications, such as inductors. But it may not be a big 
concern for other applications, such as low-pass filters. 
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Figure II.5 Calculated susceptibility of the patterned Py films. 
 
II.4 Conclusions 
We demonstrated the feasibility of tailoring high frequency properties via suitable 
patterning of Py films. Py submicron structures are obtained and characterized through 
scattering parameter measurements. OOMMF simulations show single domain 
magnetization distribution in each Py structure. The obtained FMR frequencies are 11.5 
GHz and 8 GHz for 240 nm and 550 nm Py films, respectively. Further analysis shows 
that square cross section nano-films exhibit the highest FMR frequency. 
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CHAPTER THREE 
DIRECT CURRENT EFFECTS ON HIGH-FREQUENCY PROPERTIES OF 
PATTERNED PERMALLOY THIN FILMS 
 
DC current effects on high-frequency properties of two different Permalloy (Py) 
submicron patterns of 0.24 µm and 0.55 µm width, 10 µm length and 100 nm thickness 
are investigated experimentally.  The natural ferromagnetic resonance (FMR) frequencies 
for the two samples are ~ 8.5 and 11.5 GHz. A 50 mA DC current results for both 
samples in a FMR frequency reduction of about 1 GHz. In addition susceptibility spectra 
for the samples are extracted from the measurement data. Effects of magnetic fields 
generated from external magnets on the submicron patterns were also tested for 
comparison. To obtain the same magnetization rotation angle, the external magnetic field 
needs to be about five times larger than the Ampere‘s field created by the DC current. 
This behavior is unique and may be associated with the increased thermal energy from 
the Joule heating effects. 
III.1 Introduction 
DC currents often flow through these RF devices in a circuit or system. For 
example, bias DC currents up to tens of milliamps pass through the inductors when they 
are used for tuning circuits or bias circuits of amplifiers (such as the RF choke inductor of 
an amplifier). The DC currents will introduce Ampere‘s fields and Joule heating effects, 
which will cause RF property changes in the patterned ferromagnetic materials.  For 
instance, it has been reported that temperature variations and high magnitude pumping 
fields can cause unexpected shifts in patterned magnetic materials [3.1-3.2]. Furthermore, 
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temperature change and Ampere‘s fields could come from other circuit components. As a 
result, the RF device characteristics would change accordingly, so would the circuit and 
system performances.   
Patterned magnetic materials could be more prone to these current induced effects 
due to their decreased volume. Such effects may pose a fundamental limit on the 
application of these materials. Therefore, it is of great interest to understand these effects. 
In this chapter, the DC current effects on the high-frequency properties of submicron 
Permalloy (Py) thin films are studied. Section III.2 describes the test samples and 
measurement approaches. Section III.3 presents the observed 
FMRf  shifts of the Py 
embedded transmission lines. Section III.4 concludes the chapter. 
 
III.2 Experiment Arrangement 
A broadband microwave coplanar waveguide (CPW) transmission line method 
was used to study DC current effects on high-frequency properties of the patterned Py 
thin films. The sample fabrication process has been discussed in Chapter 1. Figure III.1 
(a) shows a scanning electron microscope (SEM) picture of a section of Au line with 0.24 
µm samples. These large aspect ratios are chosen for the Py patterns to ensure that single 
domains are the dominant remanent states [3.3]. A vector network analyzer (VNA) was 
used to supply a microwave signal and to measure the transmission and reflection 
coefficients. Full two-port calibration was conducted before the measurements. Two 
types of experiment were performed: one with DC currents passing through the 
transmission line, illustrated in the top of Figure III. 1(b); the other with an external 
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magnetic field from magnets, shown in the bottom of Figure III. 1(b). All the 
measurements were conducted with arrays of patterned Py films at room temperature. 
 
Figure III.1 (a) Scanning electron microscope picture of a fabricated 0.24 µm Py array on 
an Au line. One Py wire is framed in the picture to illustrate the Py position. (b) 
Illustration of measurement setup. Top: DC current applied only, Bottom: External 
magnetic field applied only. HDC stands for the Ampere‘s field produced by the DC 
current, Hmagnet stands for the external magnetic field and HRF stands for the RF magnetic 
field produced by the RF field. 
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III.3 Results and Discussions 
Figure III. 2(a) shows the measured scattering parameters (transmission 
coefficient, 21S ) of the tested Py arrays without DC currents or external magnetic fields. 
The frequencies showing peak absorptions correspond to the FMR frequencies of the 
submicron patterns under test.  The FMR frequencies as a function of easy axis bias field 
are shown in Figure III. 2(b).  The shape anisotropy fields,  0.24 107.5 kH m KA m   
for the 0.24 µm wide Py film and  0.55 68.5 kH m KA m   for the 0.55 µm wide Py 
film, are extracted by fitting the data with the Kittel equation as in: 
  
4
r Bias Ani s Bias Ani
g




                            (III.1) 
where 4 9 sM kG   is the saturation magnetizations, AniH is the shape anisotropy field, 
2.08g  is the Landé factor, 176 GHz T  is the gyromagnetic ratio and 
BiasH is the 
bias field. The estimated theoretical value of the shape anisotropy field is about twice the 
experimental extracted value. The discrepancy may come from the dipolar interactions 
between each wire. Further investigation of this issue is needed.   
  25 
 
 
Figure III.2 (a) Measured transmission coefficients of the test samples and the reference 
transmission line that does not have Py thin films. (b) FMR frequency: easy-axis field 
dispersions for 0.24 µm and 0.55 µm Py patterns.  
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Figure III. 3 shows the FMR frequencies as a function of external magnetic field 
applied along the hard axis direction. Here the in-plane rotation is given by the 
competition between the external field (rotating M  perpendicular to the wire axis) and 
the anisotropy field (rotating M  parallel to the wire axis) [3.4]. Thermal heating effects 
due to power absorption at FMR can be excluded because the thick Au transmission line 
underneath the Py pattern provides an efficient heat sink and the applied microwave 
power is only 0 dBm. The results agree with micromagnetic simulation results reasonably 
well. The simulations were performed using Objective Oriented Micromagnetic 
Framework (OOMMF) [3.5]. The static magnetization configurations for different bias 
fields were first obtained in all the OOMMF simulations. The susceptibility versus 
frequency plots are obtained by applying an exponentially decaying field 
pulse,    90 exp 10pulseH t H t  , and recording the magnetization response as a function 
of time, the unit of time is in second. The complex susceptibility spectra are calculated by 
dividing the fast Fourier transform (FFT) of the hard axis averaged magnetization by the 
FFT of the applied pulse field. In the simulations, the cell size for both samples is 10 nm 
× 10 nm in lateral plane and 50 nm in thickness. The saturation magnetization is the same 
as that used in the Kittel equation calculations. The OOMMF simulated FMR frequencies 
correspond to the bulk mode of the samples. The discrepancy in the high field magnitude 
region of 0.55 µm Py is because the magnetization distribution of the wider Py becomes 
nonhomogeneous across the width of the film as M  rotates towards the hard axis [3.6], 
and this was not taken account of in the simulation. 
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Easy axis bias was applied after applying hard axis bias field to saturate the 
samples along the easy axis. After that the easy bias was removed to let the Py pattern 
return to its remanent state. The scattering parameter data was used as a simple probe of 
the remanent state of the samples under test. As shown in Figure III. 1(a), the natural 
scattering parameters measured when there were no fields or currents applied were 
recorded as references. The DC current was not applied until the scattering parameters 
returned to the reference values. DC currents were then swept from 0 to 50 mA with the 
DC source connected to the VNA through a bias tee, and no external magnetic field was 
applied during the process. The FMR frequencies corresponding to different bias currents 
are shown in Figure III. 4(a). The FMR frequency shift values as a function of the bias 
current are shown in Figure III. 4(b). The maximum Ampere‘s fields associated with the 
DC currents can be estimated with Ampere‘s law 2DCH I w  [3.7- 3.8], where I  is the 
DC current, w  is the width of the central line of the CPW. The value of 
2DCH I w should be a good approximation for the Ampere‘s field across the sample 
since the magnitude of the field interacting with the material under test is within 90% to 
100% of this value. The corresponding Ampere‘s fields of the DC current are labeled on 
the top x-axis of Figure III. 4. The fields are along the hard axis direction of the patterned 
Py films. By comparing Figure III. 3 and Figure III. 4, it is clear that FMR frequency 
shifts follow the similar trends, but for the same amount of FMR frequency shift the 
required Ampere‘s field intensity is much smaller. This indicates that the FMR frequency 
shifts in the two experiment setups are caused by different mechanisms.  
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In the DC current case both the Ampere‘s fields and Joule heating effects should 
be considered. We attribute the FMR shift predominantly to the Joule heating effects 
because the maximum Ampere‘s field is only  5 kA m . Thermal effects, such as the 
thermal energy enhanced augmentation of magnetization rotation, domain 
reconfiguration [3.9], and domain wall depinning [3.10] will induce domains and make it 
easier to tilt the magnetization direction away from the easy axis, which in turn cause the 
reduction of the FMR frequency. One reason for the FMR frequency reduction is that 
temperature increase due to Joule heating effects can decrease the material‘s magnetic 
moment: saturation magnetization Ms and anisotropy field Hani. The temperature change 
can be estimated from the resistance change of the Au transmission line [3.11]. The line 
resistance, taken concurrently with the scattering parameters, increased from 43.1 Ω to 
63.5 Ω when the DC current is swept from 0 to 50 mA. The corresponding temperature 
change of 140 CT   is obtained from the equation  0 0 1R R T T     , where R  
and 
0R  are the final and initial resistance of the Au line, T  and 0T  are the final and initial 
temperature, 33.4 10  C     is the temperature coefficient of resistivity of Au.  The 
decrease of the in-plane anisotropy of about 10 kA m  for the 0.24 µm wide Py films and 
6 kA m  for the 0.55 µm wide Py films can be obtained from Bloch‘s 3 2T  relation i.e., 
    3 20 1s sM T M AT   where the coefficient A  is material dependent [3.1], [3.12]. 
Temperature dependence of Ms(T) was later taken into account in the OOMMF 
simulations. Hani(T) has also been considered since the temperature dependence of the 
anisotropy should just come from the temperature  dependence of the saturation 
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magnetization, since the demagnetizing  factors just depend on the geometry. Simulation 
result shows that the FMR frequency reduced by about 0.38 GHz for the 550 nm stripe at 
50 mA DC current. Meanwhile the measured value is 0.8 GHz. This difference implies 
that other than the reduction of the magnetic moment, effects such as the domain wall 
depinning which were not considered in the simulation also play an important role in the 
FMR reduction.  
Even though the observation is not fully understood, we simplified the problem 
by assuming the samples keep uniform magnetization during the precession in both 
experimental setups. Then the FMR shift is only caused by the magnetization rotation. 
The equilibrium angle, which is no longer parallel to the easy axis, is chosen to be an 
indicator; it can be calculated from the ratio of hard and easy axis projections of the tilted 
magnetization. The simplified uniform magnetization model and experimental data show 
that for the 0.55 µm samples the Ampere‘s field needed to obtain the same equilibrium 
angle is about 5 times less than does the external magnetic field, as shown in Figure III. 
5. This should be essentially caused by the assistance of the thermal effects from the 
Joule heating effects. The observed phenomena imply that applying DC current could be 
a potential candidate for the enhancement of microwave-assisted magnetic switching, 
which is drawing more and more interest in magnetoelectronics researches [3.13- 3.16].  
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Figure III.4 (a) FMR frequency: current dispersions for 0.24 µm and 0.55 µm Py patterns. 
(b) The FMR frequency shifts with respect to their zero bias 




Figure III.5 Comparison between simulated equilibrium angles induced by Ampere‘s and 
external magnetic fields. 
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The susceptibility spectra are extracted by using the measured FMR frequencies 
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                        (III.2) 
where   is the damping constant, 
f  is the measured FMR angle frequency, kH is the 
magnetocrystalline anisotropy field,
xN and zN are the demagnetization factors in the 
sample length and thickness directions. Since the fabricated Py structures are rectangular 
prisms, their demagnetization factors can be calculated by using the equations in [3.25]. 
A value of 0.02   is used in our calculation according to [3.9], [3.26-3.27]. The 
calculated real part of susceptibility as a function of DC current and frequency are shown 
in Figure III. 6 (a) and (b).  It is shown that in the frequency range below the FMR 
frequency the variation of susceptibility with respect to bias current is significant, 
especially at the frequencies close to
FMRf . The variation reaches the maximum at the 
FMR frequency. The calculated real part of susceptibility as a function of external 
magnetic field and frequency are shown in Figure III. 6 (c) and (d). It shows that a much 
stronger external magnetic field is needed to get the same level of susceptibility variation. 
The imaginary part of the susceptibility is not shown here since the values are near zero 
and do not change much when the frequency is below FMR frequencies. 
The inductances of the Py embedded straight transmission lines in different DC 
current conditions are extracted from the admittance matrix of the two-port network 
converted from the measured scattering parameters with the equation: 
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 1 11Im 1L Y
                                                 (III.2) 
where 
11Y  is the first component of the admittance matrix. The inductance is affected by 
changes of both the imaginary and real part of the sample susceptibility. The changes of 
the imaginary part relating to the FMR frequency reductions affect the operational 
frequency range of the inductors since the inductors only work properly below the FMR 
frequency. The inductances of Py embedded transmission are drawn in Figure III. 7, it 
shows that the operational frequencies decreased by 9 and 12.5 percent for 0.24 µm and 
0.55 µm Py embedded transmission lines, respectively, when a 50 mA DC current is 
applied. To investigate the effects of the Py thin film susceptibility real part variation on 
the inductances, the inductance increase in the operational frequency range are evaluated 
from the measured inductances by subtracting the reference value of the reference 
transmission line.  The results are shown in Figure III. 8, it is seen that the inductance 
boost is increased by a factor of two as the DC current increased from 0 mA to 50 mA. 
This is in line with the susceptibility change shown in Figure III. 6. In practical circuit 
applications, this will make the inductance deviate from its designed value and further 
affect the circuit performances. The effects observed above would be more serious when 
more Py materials, such as in the stacked multiple layer structures, are embedded.  
It is also shown in Figure III. 7 that the mean values of the transmission line 
inductances in the operational frequency range dropped by about 10 percent when a 50 
mA DC current is applied. This decrease does not come from the ferromagnetic material 
property change because it also exists when comparing the inductances of the reference 
transmission line which does not have magnetic materials. The pronounced reduction of 
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the inductance at 50 mA is because the current redistribution in the cross section of the 
transmission lines. Since temperature change is proportional to the square of the current 
magnitude, it increases much quicker when higher currents are applied. At higher 
temperatures, the conductivity decrease of the transmission line causes metal skin depth 
increase. This in turn varies the current distribution in the cross section of the Au 
transmission line. The current will distribute more uniformly cross the transmission line 
which is analogous to that more inductors are in parallel and that will cause the total 
inductance value to decrease. 
 
Figure III.6  Extracted susceptibility spectrum for (a) 0.24 µm and (b) 0.55 µm Py as a 
function of DC current and frequency; and as a function of external magnetic field and 
frequency (c) 0.24 µm and (d) 0.55 µm Py. 
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Figure III.7 Inductances versus frequency for different DC currents for (a) 0.24 µm and 
(b) 0.55 µm Py. 
 
 
Figure III.8 Inductance increases versus frequency for different DC currents for (a) 0.24 
µm and (b) 0.55 µm Py. 
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III.4 Conclusions 
DC current effects on RF properties of submicron-sized Py patterns were 
experimentally investigated. It is observed that the FMR frequency changes more 
sensitively to the DC current than to the external magnetic fields. To obtain the same 
FMR frequency reduction, the Ampere‘s field needed is only about 20 percent the 
magnitude of the external magnetic field. We attribute this unique phenomenon to the 
increased thermal energy level from the Joule heating effects. The susceptibility spectra 
and the inductance variations of Py embedded transmission lines for different DC levels 
will be further studied and discussed in the dissertation.   
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CHAPTER FOUR 
DIRECT CURRENT EFFECTS ON MAGNETIZATION REVERSAL PROPERTIES 
OF SUBMICRON-SIZE PERMALLOY PATTERNS DEVICES 
Ferromagnetic resonance (FMR) spectroscopy is used to measure direct-current 
(DC current) effects on the magnetization reversal properties of submicron-sized lateral 
patterned magnetic material. The observed FMR frequency-field relationship shows that 
for both 240 nm and 550 nm wide Permalloy (Py) nanowires the coercivity is reduced by 
~33% when a 50 mA DC current passes through the transmission line where the 
nanowires are incorporated. The temperature dependence of the coercivity has a T  




Magnetization reversal (i.e. switching) processes of patterned magnetic structures 
are of great interest for the understanding of fundamental spin dynamics and the 
development of magnetic devices, such as magnetoresistive random access memory 
(MRAM) and reconfigurable microwave filters [4.1-4.4]. Recent extensive investigations 
show that the reversal processes are significantly affected by temperature (i.e. thermally 
assisted switching) in addition to external microwave fields (i.e. microwave assisted 
switching), both are important for magnetoelectronic technology development [4.5-4.16].
 
Most of these studies focused on thin films (less than 50 nm thick with a thickness to 
width ratio less than 0.5), in which switching takes place through nucleation followed by 
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domain wall propagation [4.17- 4.18]. For thicker films, entangled coherent rotation and 
curling mode are considered to be dominant in the reversal process, which has only been 
studied with vibrating sample magnetometer (VSM) measurement at room temperature 
[4.17], [4.19-4.20]. Such thick films are important for high-performance microwave 
device (e.g. filters and inductors) development while magnetization reversal provides a 
promising approach for reconfigurable operations through pure electrical tuning [4.4], 
[4.21-4.23]. Previously, we studied DC current (i.e. combined Joule heating and Oersted 
field) effects on FMR frequency shifts of such thick films since DC currents may exist in 
practical application as bias currents of the circuits [4.21]. In this work, we investigate 
DC current effects on magnetization reversal processes in patterned thick films (Py, 
Ni80Fe20). FMR spectroscopy, which has been proposed for microwave assisted 
magnetization reversal (MAMR) studies recently [4.5-4.6], [4.14-4.16], is used to directly 
study the switching of submicron-sized, laterally patterned Py films.  
 
IV.2 Experiment Arrangements 
The magnetization reversal and the effects of DC currents on the switching 
behavior are studied with two patterned Py arrays consist of 240 nm and 550 nm wide 
individual structures, respectively.  Each of the Py structure is ~ 100 nm thick and 10 µm 
long with ~100 nm gap between two adjacent Py strips. Each array has approximately 10
3
 
nominally identical elements. The Py is grown by DC magnetron sputtering on top of a 5 
µm wide gold (Au) coplanar wave guide (CPW) transmission line on a fused silica wafer. 
Details of sample preparation are given in Ref. 1. The CPW is used to apply a radio-
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frequency (RF) field along the hard axis of the Py patterns. The DC current also passes 
through the CPW during the measurement. A vector network analyzer is used to detect 
the microwave absorption caused by ferromagnetic resonance (FMR). Furthermore, the 
dependence of FMR frequencies on external magnetic field and DC current is extracted 
from the measured transmission coefficients. Figure IV.1 shows the measurement system 
schematic, a magnetic sample under test and a typical transmission coefficient (S21) 
spectrum.  
 
Figure IV.1 (a) Schematic of experiment setup and the magnetic sample under test. (b) A 
typical measured S21. (c) The FMR absorption. 
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Magnetization reversal measurements were undertaken with the following steps: 
First, the magnetization was saturated along the easy axis of the patterns by applying a 
magnetic field Hs of 200 mT. This will set the magnetic configuration of the patterns to 
be a single domain and tune the sample FMR frequency beyond the measurement range. 
The measured transmission coefficient is used to be the reference for the subsequent 
measurements. Next the transmission coefficient spectrum is measured for different static 
fields swept from a relatively small starting field Hst ( 0 40stH mT  for 240 nm pattern 
and 
0 20stH mT  for 550 nm pattern), passing through zero, and then approaches –Hst. 
Then the field is increased from –Hst to Hst. The reference signal and zero-field 
transmission signal of the 550 nm array are shown in Figure IV. 1(b). The reference 
signal is subtracted from the S21 measured at each static field. A typical result is shown in 
Figure IV. 1(c) with an absorption peak corresponding to the FMR. These peaks are 
recorded with respect to the static fields.  
 
IV.3 Results and Discussions 
Figure IV. 2 shows representative DC current effect data. The left and right 
column show ‗FMR frequency hysteresis loops‘ corresponding to different DC currents: 
10 mA, 30 mA and 50 mA for 240 nm and 550 nm Py patterns, respectively. The FMR 
frequency loop for zero DC current is not shown independently here because it has no 
visible difference compared with the 10 mA case. The vertical dashed lines in the figures 
show the field values where complete magnetization reversal occurs. Outside the dashed 
lines the data for decreasing and increasing fields overlap. This indicates that all the 
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magnetic patterns are switched to the same magnetization configuration. The data in 
these areas have good agreement with the Kittel‘s equation calculations which gives 
evidence that the magnetic patterns are of single domain configuration after a complete 
switching. As the width of the nanowires increases from 240 nm to 550 nm the natural 
coercivity of the Py elements decreases from ~24 mT to ~6 mT. A similar trend, i.e. the 
magnetization reversal field follow the inverse-width dependence, has been reported for 
lateral patterned magnetic elements in earlier studies with thin films [4.17], [4.24].  
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Figure IV.2 Left column: field dependence of FMR frequency for 140 nm array, (a) 0 and 
10 mA. (b) 30 mA. (c) 50 mA. Right column: field dependence of FMR frequency for 
140 nm array, (d) 0 and 10 mA. (e) 30 mA. (f) 50 mA. 
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The application of a DC current shows two effects. For both samples the dashed 
lines shift to lower fields regardless of the applied field direction. The shift depends on 
DC current density. For the 240 nm Py patterns the coercivity 
0 24 stH mT   is reduced 
to16 mT  (a 33% reduction) with a 50 mA DC current. The coercivity of the 550 nm Py 
patterns reduced from
0 6 stH mT   to 4 mT , the reduction is also 33%. This clearly 
demonstrates the high assisting efficiency of DC current to magnetization reversal.  Also, 
FMR spectroscopy can be used to detect the magnetization reversal for submicron 
patterned magnetic materials. The other effect of the DC currents is that at zero-field the 
natural FMR frequencies of both samples are reduced by ~ 1 GHz when the current is 
increased to 50 mA.  This agrees with our previous report [4.21].   
A possible reason for the coercivity and nature frequency reductions would be the 
saturation magnetization variation as the temperature increases, which in turn changes the 
dominating shape anisotropy. The temperature is extracted from the measured resistance 
of the Au transmission line through  0 01R R T T     , where   is the temperature 
coefficient [4.7]. The top panel of Figure IV. 3 shows the normalized coercivity and the 
temperature change as a function of the applied DC current. The calculated shape 
anisotropy reductions are ~ 8% for both samples. However, this is not enough to account 
for such a large switching field change (~33%). The orthogonal Oersted field associated 
with the DC current should play a role. As the Oersted field is increased to its maximum 
value of 6.25 mT, the effective external static magnetic field has a larger angle away from 
the easy axis of the samples. This corresponds to a coercivity reduction as demonstrated 
in Ref. 20. 
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Figure IV.3 Top panel: DC current dependence of normalized coercivity and temperature. 
Bottom panel: comparison between the theoretical and measurement data for the 
temperature dependence of coercivity field. 
 
The magnetization reversal mode is also explored in order to understand the 
reversal process. It is shown that the coercivity does not linearly depend on the 
temperature. This suggests that in our samples the reversal process no longer follows the 
nucleation mode as in thin films [4.18]. A general Arrhenius relationship for 
magnetization reversal probability, 0
BE k TP f e  , can be used to model the switching 
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process [4.18], [4.25]. The energy barrier, E , is shown to be proportional to the square 
of the magnetic field difference, i.e.,  
2
0
cE C H H   , for the samples of larger 
thicknesses. For a complete magnetization reversal, one can obtain the temperature 
dependence      
1 20
01 lnc c BH T H k T f C   
, where
0f  is the attempt frequency (~1-
10 GHz) and   is the measurement time (in minutes), 
Bk  is the Boltzmann constant, 
0
cH  
is the zero-temperature coercivity field, which can be estimated from the empirical 
equations in Ref. 18. The calculation results are in line with the measurement data, shown 
in the bottom panel of Figure IV. 3. Data fitting gives an extracted combined constant 
 0ln f C  of 
101.04 10  and 0
cH  of 70 mT and 17.5 mT for 240 nm and 550 nm 
patterns, respectively. This indicates that the switching process in our samples has a T  
temperature dependence, which usually occurs in coherent rotation mode. This is in line 
with previous report that the coherent rotation is present for field applied close to the easy 
axis of Py nanowires with an 80 nm thickness [4.20]. Therefore, it is suggested that T  
dependence of the coercivity is favorite in thicker films depending on the nature of the 
energy barriers.  
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IV.4 Conclusions 
In conclusion, DC current effects on magnetization reversal properties of 
submicron-sized Py patterns have been investigated. FMR spectroscopy is used to 
measure the magnetic dynamic process. It is shown that DC current can be used to assist 
the magnetization reversal. For both 240 nm and 550 nm wide Py patterns the coercivity 




[4.1] P. Wang, H. Zhang, R. Divan and A. Hoffmann, ―Tailoring High-Frequency 
Properties of Permalloy Films via Submicron Patterning,‖ IEEE Trans. Magn. 45, 71 
(2009). 
[4.2] J. Shi, S. Tehrani, T. Zhu, Y. F. Zheng, and J. –G. Zhu, ―Magnetization Vortices 
and Anomalous Switching in Patterned NiFeCo Submicron Arrays,‖ Appl. Phys. Lett. 74, 
2525 (1999). 
[4.3] T. Korn, M. Kerekes, U. Ebels, D. Stanescu, and P. Xavier, ―Pumping-Field-
Induced Dynamic Effects in Micron-Sized Permalloy Lines and Their Influence on HF 
Filter Applications,‖ IEEE Trans. Magn. 41, 3514 (2005). 
[4.4] M. Zhang, Y. Nozaki, and K. Matsuyama, ―Reconfigurable Ferromagnetic 
Resonance Properties in Nanostructured Multilayers,‖ J. Appl. Phys. 99, 08G307 (2006). 
  49 
 
[4.5] C. Nistor, K. Sun, Z. Wang, M. Wu, C. Mathieu and M. Hadley, ―Observation of 
Microwave-Assisted Magnetization Reversal in Fe65Co35 Thin Films through 
Ferromagnetic Resonance Measurements,‖ Appl. Phys. Lett. 95, 012504 (2009). 
[4.6] H. T. Nembach, H. Bauer, J.M. Shew, M. L. Schneider, and T. J. Silva, ―Microwave 
Assisted Magnetization Reversal in Single Domain Nanoelements,‖ Appl. Phys. Lett. 95, 
062506 (2009). 
[4.7] D. Atkinson and R. P. Cowburn, ―Heat-Assisted Magnetization Switching in 
Elongated Submicrometer Permalloy Structures,‖ Appl. Phys. Lett. 92, 1386 (2004). 
[4.8] R. H. Koch, G. Grinstein, G. A. Keefe, Y. Lu, P. L. Trouiloud, W. J. Gallagher and 
S. S. P. Parkin, ―Thermally Assisted Magnetization Reversal in Submicron-Sized 
Magnetic Thin Film,‖ Phys. Rev. Lett. 84, 5419 (2000). 
[4.9] I. L. Prejbeanu, W. Kula, K. Ounadjela, R. C. Sousa, O. Redon, B. Dieny and J. P. 
Nozieres, ―Thermally Assisted Switching in Exchange-Biased Storage Layer Magnetic 
Tunnel Junctions,‖ IEEE Trans. Magn. 40, 2625 (2004).  
[4.10] C. Papusoi, R. C. Sousa, B. Dieny, I. L. Prejbeanu, Y. Conraux, K. Mackay and J. 
P. Nozieres, ―Reversing Exchange Bias in Thermally Assisted Magnetic Random Access 
Memory Cell by Electric Current Heating Pulses,‖ J. Appl. Phys. 104, 013915 (2008). 
[4.11] C. Papusoi, Y. Conraux, I. L. Prejbeanu, R. Sousa, and B. Dieny, ―Switching Field 
Dependence on Heating Pulse Duration in Thermally Assisted Magnetic Random Access 
Memories,‖ J. Magn. Magn. Mater. 321, 2467 (2009).  
[4.12] J. Herault, R. C. Sousa, C. Ducruet, B. Dieny, Y. Conraux, C. Portemont, K. 
Mackay, I. L. Prejbeanu, B. Delaet, M. C. Cyrille and O. Redon, ―Nanosecond Magnetic 
  50 
 
Switching of Ferromagnet-antiferromagnet Bilayers in Thermally Assisted Magnetic 
Random Access Memory,‖ J. Appl. Phys. 106, 014505 (2009). 
[4.13] B. Purnama, T. Tanaka, Y. Nozaki and K. Matsuyama, ―Material Dependence of 
Thermally Assisted Magnetization Reversal Properties in Microstructured Co/Pd 
Multilayers,‖ Appl. Phys. Express. 2, 033001 (2009). 
[4.14] Y.Nozaki, K. Tateishi, S. Taharazako, M. Ohta, S. Yoshimura and K. Matsuyama, 
―Microwave-Assisted Magnetization Reversal in 0.36-µm-wide Permalloy Wires,‖ Appl. 
Phys. Lett. 91, 122505 (2007). 
[4.15] Y.Nozaki, N. Narita, T. Tanaka and K. Matsuyama, ―Microwave-Assisted 
Magnetization Reversal in A Co/Pd Multilayer with Perpendicular Magnetic 
Anisotropy,‖ Appl. Phys. Lett. 95, 082505 (2009). 
[4.16] Y.Nozaki, K. Tateishi and K. Matsuyama, ―Experiments on Microwave-Assisted 
Magnetization Reversal in a Submicron-Scale Permalloy Single Element with a Zero-
Field Resonance Frequency of 6.3 GHz,‖ Appl. Phys. Express. 2, 033002 (2009). 
[4.17] W. C. Uhlig and J. Shi, ―Systematic Study of the Magnetization Reversal in 
Patterned Co and NiFe Nanolines,‖ Appl. Phys. Lett. 84, 759 (2004). 
[4.18] J. Li, J. Shi and S. Tehrani, ―Temperature Dependent Switching Properties of 
Patterned 200 nm Ni81Fe19 Elements,‖ Appl. Phys. Lett. 79, 3821 (2001). 
[4.19] S. Goolaup, A. O. Adeyeye, ―Magnetization Switching in Alternating Width 
Nanowire Arrays,‖ Phys. Rev. B 75, 144430 (2007). 
  51 
 
[4.20] S. Goolaup, N. Singh, A. O. Adeyeye, V. Ng and M. B. A. Jalil, ―Transition from 
Coherent Rotation to Curling Mode Reversal Process in Ferromagnetic Nanowires,‖ Eur. 
Phys. J. B 44, 259 (2005). 
[4.21] H. Zhang, A. Hoffmann, R. Divan and P. Wang, ―Direct Current Effects on High-
frequency Properties of Patterned Thin Films,‖ IEEE Trans. Magn. 45, 5296 (2009). 
[4.22] Y. Song, C. Romero and M. Wu, ―Millimeter Wave Notch Filters Based on 
Ferromagnetic Resonance in Hexagonal Barium Ferrites,‖ Appl. Phys. Lett. 95, 142506 
(2009). 
[4.23] B. Kuanr, R. Marson, S. R. Mishra, A. V. Juanr, R. E. Camley and Z. J. Celinski, 
―Gigahertz Frequency Tunable Noise Suppressor Using Nickel Nanorod Arrays and 
Permalloy Films,‖ J. Appl. Phys. 105, 07A520 (2009). 
[4.24] J. F. Smyth, S. Schultz, D. R. Fredkin, D. P. Kern, S. A. Rishton, H. Schmid, M. 
Cali, and T. R. Koehler, ―Hysteresis in Lithographic Arrays of Permalloy Particles: 
Experiment and Theory (invited),‖ J. Appl. Phys. 69, 5262 (1991). 
[4.25] IUPAC Goldbook definition. 
 
  52 
 
CHAPTER FIVE 
 BROADBAND MAG-NOISE OF PATTERNED PERMALLOY THIN FILMS 
A Y-factor noise figure (NF) measurement method is developed to characterize 
high-frequency mag-noise of a 550 nm wide Permalloy strip array under different DC 
bias currents. The noise voltage density is obtained. Measurement data show that rapid 
FMR shift induced by DC bias current is related to the excess magnetization fluctuation 




Thermal magnetization noise (mag-noise) has drawn significant attention in the 
development of magnetoresistive sensors (including recording read heads) and the 
investigation dynamic properties of nano-scale magnetic structures. The mag-noise 
presents a fundamental limit on achievable sensor sensitivities (i.e. sensor noise floor), 
restricts sensor size miniaturization (since mag-noise scales inversely with device 
volume) and operating frequency extensions [5.1-5.12]. On the other hand, the increased 
mag-noise provides a powerful approach to characterize the dynamic properties of small 
magnetic structures, such as dynamic modes and damping processes [5.13-5.15].  
So far, the studies of mag-noise were mostly related to spin valve devices (with 
current flowing in the film plane) and magnetic tunnel junction heads (with current 
perpendicular to the plane) [5.14]. It is identified that the deviation of (ferromagnetic) 
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free layer spins from their local equilibrium in these devices is the main physical origin 
of mag-noise therein [5.13]. 
Mag-noise also poses a fundamental limit on the application of patterned 
ferromagnetic thin films in radio-frequency (RF) integrated passive devices, such as 
inductors, filters and circulators, which are the bottleneck of the dominating 
complementary-metal-oxide-semiconductor (CMOS) technologies [5.16-5.18]. Patterning 
is usually used to boost ferromagnetic resonance frequencies (FMR), hence operating 
frequencies [5.19]. In these devices, DC and RF currents pass through interconnect metal 
films instead of ferromagnetic thin films. Corresponding dynamic processes are field and 
thermal driven with intriguing properties [5.20]. Therefore, it is of great interest and 
practical importance to investigate the associated mag-noise and understand the dynamic 
processes. Additionally, the obtained results complement the studies on current-driven 
mag-noise discussed above.   
In this work, we study field-driven mag-noise of patterned Permalloy (Py) thin-
films with a Y-factor mag-noise measurement method, which measures the noise figure 
(NF, the ratio of signal to noise ratio at the input port to signal to noise ratio at the output 
port). Such a two-port method has not been used for mag-noise studies so far. The 
method is able to directly account for parasitic effects inherent in mag-noise test fixtures 
and takes advantages of various advanced techniques developed for CMOS transistor and 
communication circuit characterizations. 
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V.2 Experiment Arrangements 
The test sample (device-under-test, DUT) fabrication process is discussed in 
previous chapters and our earlier publication [5.21]. Figure V.1 shows the mag-noise 
measurement system set-up and a scanning electron microscope (SEM) picture of a 
section of Au line with Py patterns. Contact to the DUT was made via microwave probes. 
DC bias current is applied to the DUT through two broadband, low insertion loss bias-
tees. During measurements, the DC bias is increased from 0 mA to 50 mA. The output is 
amplified by a commercial broadband (0.01-18 GHz) 33 dB gain low noise amplifier 
(LNA, 2.5 dB NF, B&Z BZP114UB). Finally the amplified noise output is captured by a 
spectrum analyzer (Rhode & Schwarz FSE), with a bandwidth resolution set to 1 MHz to 
measure the noise figure from 2 GHz to 10 GHz. System calibrations were performed 
before connecting the DUT so that all subsequent measurements can use corrections and 
the corrected NF can be obtained. Both NF and system power gain,  SG , can be measured 
and recorded simultaneously with the FS-K3 software of the spectrum analyzer. The 
CPW resistances at different bias currents are also measured concurrently to extract 
temperature changes of the on-chip transmission line. 
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Figure V.1 (a) SEM picture of a ~ 550 nm Py array under test and (b) Y-parameter mag-
noise measurement system setup. 
 
V.3 Results and Discussions 
Figure V.2 (a) shows the measured broadband NF with the patterned Py DUT 
under several DC bias currents, 
DCI . The measured NF increases as a function of 
frequency because of the increased loss of the components in the system. The multiple 
resonances in the spectrum may come from the mismatch between the DUT, bias tee and 
LNA [5.10]. The NF increases monotonically with bias currents except that the curves 
intercept around 8 GHz. The reason for this will be discussed momentarily. The noise 
voltage density (NVD, 
NV ) can be extracted from the equation as in [5.22] 










                                                     (V.1)
 
where F is the noise figure in linear terms, aN is the added noise of the whole system, 
k is the Boltzmann‘s constant, SG is the system power gain and 0 290 T K is the 
reference temperature. The mag-noise of the patterned Py array can be evaluated from the 
measured NVDs by subtracting NVDs of an identical transmission line without Py array 
loaded. Figure V.2 (b) shows the extracted NVD of the Py array for various bias currents. 
A pronounced FMR like peak appears for different biases. As the bias current increases, 
the resonance peak power increases while the resonance frequency decreases. For 40 mA 
and 50 mA DC current cases, the significantly increased tail at frequencies higher than 
FMR frequencies is likely due to significant nonuniformity of Py pattern magnetization 
caused by the Joule heating effects [5.10], [5.20]. A comparison between the transmission 
coefficients measured with an HP 8510C vector network analyzer and the NVDs at 10 
mA and 50 mA is shown in Figure V.3. The corresponding resonance peaks at different 
bias currents for both measurements are about the same. The close correlation between 
the NVD peaks and the FMR peaks of the transmission coefficients shows that the excess 
noise is magnetic in origin. The NVD peaks around 8 GHz account for the convergence 
of the NF shown in Figure V.2 (a). The peak shift cannot be easily observed from Figure 
V.2 (a) because the noise figures are measurement results for the whole system (bias tees, 
LNA, and transmission line) and the information of the Py array is somehow 
overwhelmed. The information of the Py array is clear after the de-embedding process 
(by subtracting the reference line data) as shown in Figure V.2 (b). 
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Figure V.2 (a) Measured noise figure of a 550 nm Py array loaded transmission line. (b) 
Extracted noise voltage density of the 550 nm Py array.  
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Figure V.3  Comparison between the measured transmission coefficients and the noise 
voltage density of the 550 nm Py array under 10 and 50 mA DC currents. The top figure 
shows the transmission coefficients. The bottom figure shows the measured noise voltage 
density. 
 
Fluctuation-dissipation theorem was commonly used for mag-noise 
characterizations in spin valve devices, in which DC current passes through the stacked 
multilayer structure and the noise spectra has a relationship with the magnetoresistance 
change [5.1], [5.15]. In our samples, both the DC and RF current pass through the 
transmission line bearing the Py array and exert magnetic field in the hard axis direction 
of the Py array. A lumped RLCG (resistance, inductance, capacitance and conductance) 
transmission line model, shown in Fig. 4 (a), can be used to describe the broadband 
electrical properties of Py arrays with ∆R characterizing Py mag-noise properties in such 
a configuration. Here, R and L are the resistance and inductance of the Au transmission 
line; ΔR and ΔL are the resistance and inductance perturbation from the Py array; C and 
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G are the capacitance and conductance of the quartz substrate. The influence of the 
capacitance of the Py array is negligible because the Py pattern is sputtered on top of the 
transmission line with a relatively thin ~100 nm thickness. 
The measured noise is considered to be Johnson-Nyquist noise from the real part 
of the high frequency impedance of the Py array in this magnetic field driven situation. 
The equivalent noise power transfer circuit is shown in Fig. 4 (b). The NVD 
NV  from the 
Py array is written as 
4NV NkT R                                                      (V.2) 
where N  is the total Py element number in the array, R R   is read from the DC current 
source. 
The frequency dependent high frequency impedance of an amorphous 
ferromagnetic thin film can be calculated by solving the Maxwell equations and the 









                                                    (V.3) 
effi    
where 
DCR  is the direct current resistance of a Py element, a  is the thickness of the film 
and    is the conductivity of the film. The effective permeability of the Py pattern can be 
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where 4 9 sM kG   is the saturation magnetizations, 176 GHz T  is the 
gyromagnetic ratio,   is the damping constant, 
f  is the measured FMR angle 
frequency, 
kH  is the magnetocrystalline anisotropy field, xN  and zN  are the 
demagnetization factors in the sample length and thickness directions. Since the 
fabricated Py structures are rectangular prisms, their demagnetization factors can be 
calculated by using the equations in [5.26]. A value of 0.02   is used in our calculation 
according to [5.27]. The resistance change of the transmission line associated with the 
Joule heating effects from the applied DC currents has been taken into account. The 
measured and calculated NVDs of the sample under DC currents of 10, 40 and 50 mA are 
compared in Fig. 5. The symbols are measurement data and the solid lines are theory 
values. They agree with each other well. Both measurement and theory results show that 
the noise power increases with respect to the applied DC current. The increased thermal 
fluctuation could be responsible for our previous observation that the FMR shift is much 
faster with a ~50 mA DC current passing through the transmission line than that is in an 
external static magnetic field of the same magnitude.    
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Figure V.4 (a) Lumped RLCG model for the Py array loaded transmission line and (b) 
equivalent noise power transfer circuit. The noise source counts for the Py array, the 
other resistance in the circuit are noiseless because the de-embedding procedures were 
performed during measurements.  
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Figure V.5 Comparison between the measurement data and the calculated data of NVDs 
under different DC currents. The symbols are the measurement data and the solid lines 
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V.4 Conclusions  
We demonstrated that noise figure measurement method can be used to 
characterize high-frequency mag-noise of sub-micronsize ferromagnetic Py array.  
Parasitic effects can be de-embedded. Measurement data show that rapid FMR shift 
induced by DC bias current is related to the excess magnetization fluctuation thermally 
created by the combined DC current effects of Joule heating and orthogonal Oersted 
fields. The proposed lumped transmission line circuit model describes mag-noise 
properties of the patterned Py array characteristics well. Measurement data show that 
rapid FMR shift induced by DC bias current is related to the excess magnetization 
fluctuation thermally created by the combined DC current effects of Joule heating and 
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CHAPTER SIX 
LOW FREQUENCY NOISE OF PATTERNED THIN FILMS 
 
 Detailed investigations of 1/f noise were performed in Permalloy microwires. The 
gold bridges for the four probe measurement setup were deposited on a quartz substrate. 
Pattern geometry and bias current effects on the material‘s 1/f noise were studied. The 
normalized Hooge parameter and frequency slope were analyzed in the framework of the 
empirical Hooge relation. The quadratic dependence of the noise power spectral density 
versus bias current was verified. However, both the normalized Hooge parameter and 
frequency slope were pattern width dependent. We attribute this to the pattern geometry 
related magnetic state and magnetic domain wall configuration differences in the 
magnetic films.  
 
VI.1 Introduction 
Magnetic thin film magnetoresistive (MR) sensors are widely used in magnetic 
storage industry. They are also promising candidates for detecting magnetically labeled 
biomarkers and scanning MR microscopy. Such applications require subnanotesla or 
even femtotesla sensitivity at low frequencies [6.1-6.2]. Patterned magnetic thin films 
have also attracted much attention in the development of high-performance 
complementary metal-oxide-semiconductor (CMOS) integrated circuit (IC) components, 
such as inductors, high-speed interconnects and nonreciprocal spin wave devices [6.3-
6.5]. Sensor sensitivity and IC component performance are ultimately limited by the 
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intrinsic noise and extrinsic factors such as biasing direct current (DC) in ICs and sensing 
current in hard disk heads, both of which have attracted intense interest [6.6-6.8]. 
The 1/f noise is usually described by Hooge empirical formula as following [6.9]: 
2
1V HS






VS is the noise power spectral density, V the sample voltage, H the Hooge 
parameter, n the charge carrier density,   the sample volume, f the frequency,  the 
frequency slope. 
DC current effects on 1/f noise in MR devices and patterned colossal 
magnetoresistive manganite thin films have been studied previously [6.10-6.11]. In these 
studies DC current passes through magnetic films. However, in CMOS IC applications, 
DC current mainly passes through the nonmagnetic layer of circuit components such as 
the copper layer of the inductors and interconnections rather than the magnetic thin films. 
Unique DC effects on magnetization dynamics such as broadband mag-noise and 
magnetization reversal of such magnetic thin films have been observed in these situations 
[6.8], [6.12]. Nevertheless, there is little information regarding 1/f noise of patterned 
ferromagnetic thin films for CMOS ICs. In this chapter we report our results on DC 
current effects on 1/f noise in Permalloy (Py=Ni80Fe20) microwires for the first time. They 
are measured with a four probe scheme. The dependences of 1/f noise on pattern 
geometry and DC currents are studied. 
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VI.2 Experiment Methods 
A group of 500 nm thick gold bridges with width and length (W×L) of 10×180 
µm
2
 and four contact pads were fabricated on top of a quartz substrate. Two pads are for 









The one step production of the bridge and contact pads is designed for low resistive four-
probe connections. After the gold layer deposition, a stack of Cr (8 nm)/Py (100 nm) thin 
films were deposited by e-beam evaporation on top of the bridges.  They were patterned 







 by lift-off. Each pattern is positioned at the center of the gold bridges. 
One bridge with a 10 µm wide Py pattern is shown in Figure VI. 1. The connection 
between the external circuitry and the bridge contact pads were made with GGB DC 
probes. 
As shown in Fig. 1, the bias current is supplied from a Keithley 2612 current 
source passing through the gold bridge. Oersted field and Joule heating effects of the DC 
current on the 1/f noise are investigated with this setup. The noise signal was picked up 
from the voltage probes with a vector signal analyzer Agilent 89441A. The resolution 
bandwidth (RBW) was set to be 1Hz, and 3000 measurements were made for each sweep 
in the frequency range of 1 Hz to 100 Hz. The average value of the noise voltage was 
recorded. The noise floor of the measurement system was about 2.6e-11 V
2
/Hz at 1Hz. 
No external amplifier was used in all the measurements. 
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Figure VI.1 Schematic of the measurement setup. 
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VI.3 Results and Discussions 
Figure VI. 2 shows the typical noise power spectral density curve as a function of 
frequency for different bias currents. The measurements were carried out in a 100 nm 
thick, 2 µm wide and 100 µm long Py pattern at room temperature. The slopes of the low 
frequency noise vary from 0.8 to 1.3 versus bias current in the 1-100 Hz range. The 
dependence of 1/f noise on the bias current is also investigated. Figure VI. 3 (a), (b), (c) 
and (d) show the noise power spectral density at 1 Hz as a function of the square of the 
biasing current for 2 µm, 5 µm, 10 µm wide Py patterns and a reference line without Py, 
respectively. The results show that the noise power spectral density of the transmission 
line without magnetic material is almost linear with the square of the bias current. 
However, the noise power spectral densities of the transmission lines with magnetic 
materials are not linearly dependant, which conflicts with Hooge formula and indicates 
that the noise was not due to resistance fluctuations in the magnetic materials and the 
transmission lines. 
The normalized Hooge parameter 
H n  and frequency slopes  are deduced as a 
function of bias current and pattern width. The results show that the normalized Hooge 
parameter decreases with increasing bias current in the entire current range for the 10 µm 
wide pattern. For 2 µm and 5 µm wide patterns the normalized Hooge parameter 
decreases when the bias current is lower than 80 mA and has a rising tail when the 
current is increased to 100 mA. The pattern width dependence of the normalized Hooge 
parameter is also clearly observed in Figure VI. 4. In each film, the wider the pattern the 
higher the normalized Hooge parameter, except for the 100 mA bias current. This width 
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dependence of the normalized Hooge parameter has also been reported in the previous 
literature [6.11]. Since 
H n is an intrinsic parameter of the material, we attribute its 
current and pattern width dependence to the domain structure reconfiguration and domain 
wall fluctuation. It should be noted that the mechanism of the DC current effects on such 
large dimensional Py patterns is different from that in nanoscale Py patterns reported 
before, where the Joule heating effects play a major role [6.5]. The Joule heating effect is 
minor here because the temperature variation is small which can be calculated from the 
device resistance change. At each bias current, the resistance of the device under test in 
was measured simultaneously and only a less than 5% increase was observed. Compared 
with the nanoscale patterns in which uniform magnetization distribution is dominant, 
more complicated Landau and diamond domain structures are expected in the films 
studied here [6.12]. The other important effect, the Oersted field of the DC current is 
estimated with Ampere‘s law 2DCH I w , where I is the DC and w is the width of the 
transmission line [6.15]. When the current is increased to 80 mA, the calculated Oersted 
field is 4 KA/m, which could assist the alignment of magnetic domain walls and reduce 
the fluctuations. As a result the normalized Hooge parameter decreases as the Oersted 
field becomes stronger. When the current keeps increasing the Joule heating effects will 
compete with the Oersted field effects to promote the fluctuations and the final results 
become unpredictable. 
The frequency slopes are shown in Figure VI. 5. The frequency slopes do not vary 
with the bias currents for narrower patterns, except for 100 mA current. The frequency 
slopes for 5 µm and 10 µm patterns are close to each other in the bias current range. The 
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2 µm pattern has a 50% higher frequency slope value. This width dependence of 
frequency slope is unexpected, and it has not been reported in the literature. Nevertheless, 
additional experiments are needed to investigate the magnetic state and structural origin 
of the observation. 
 
 
Figure VI.2 The measured low frequency noise versus frequency and bias current in a 
100 nm thick, 2 µm wide and 100 µm long Py pattern.  
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Figure VI.3 Noise power spectral density at 1 Hz as a function of the square of the 
biasing current for (a) 2 µm, (b) 5 µm, (c) 10 µm wide Py patterns and (d) a reference 
line without Py. 
 
  75 
 
 
Figure VI.4 Deduced normalized Hooge parameters versus bias current and pattern 
width. 
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VI.4 Conclusion 
We have measured the 1/f noise in patterned Py microstructures in a configuration 
that the bias current does not pass through the magnetic material directly. The normalized 
Hooge parameter and frequency slope were found pattern width dependent unexpectedly. 
This suggests that the magnetization state in the films affects the 1/f noise significantly. 
The 1/f noise measurement in this configuration is for the first time carried out. It 
provides more information for better use of such ferromagnetic materials in CMOS ICs.  
The results are complementary to the 1/f noise measurement. They are quite helpful for 
the understanding of low frequency noise and of essential interests in applications such as 
racetrack memory, magnetic domain wall logic and small magnetic field sensors. 
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CHAPTER SEVEN 
A NEW METHOD FOR HIGH-FREQUENCY CHARACTERIZATION OF 
PATTERNED FERROMAGNETIC THIN FILMS 
A new microwave measurement method is presented for patterned ferromagnetic 
thin film characterization. Background noise of the measurement device, which often 
overwhelms the signal from patterned ferromagnetic structures, is significantly reduced 
through an on-chip interference process. As a result, the measurement sensitivity is 
greatly improved compared with conventional transmission line based ferromagnetic 
resonance (FMR) methods. Algorithms are given to extract the complex permeability and 
FMR line width of ferromagnetic materials under test. A 10 GHz prototype device was 
fabricated and a Py array with 180 patterned Py stripes was measured. Each stripe is 100 
nm thick, 2 µm wide and 20 µm long. Based on the same design principle, a new device 
with a more symmetric structure and a field enhancement configuration was proposed 
and fabricated. The new device has a more than 20 dB sensitivity improvement compared 
with its prototype. The magnetization dynamics of a 240 nm wide, 5 µm long and 70 nm 
thick single Py nanowire is investigated with the advanced device. The measurements 
and full wave three dimensional simulations show that the new method has the capability 
to study the fundamental physics of nanoscale magnetic devices. 
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VII.1 Introduction 
Ferromagnetic resonance (FMR) is the main technique for the investigation of 
magnetization dynamics of patterned magnetic structures, which are of great interest for 
fundamental physics studies and for high speed memory, magnetic storage and signal-
processing applications [7.1-7.2]. In the conventional FMR measurement approaches, the 
FMR signal of a patterned ferromagnetic structure is usually weak compared with the 
background noise from the measurement devices. As a result, a large number of micro or 
nanoscale ferromagnetic structures are usually used to enhance FMR signals and de-
embedding procedures are exploited to subtract the device parasitic effects. 
Consequently, variations from one magnetic structure to another are averaged out and 
FMR distribution begins to affect the results. In addition the accuracy of the subtraction 
procedures, which deal with parameters that are very close to each other, depends on the 
reproducibility of the de-embedding structures and of making physical probing. 
Therefore, it is of great interest to develop new techniques that can enhance FMR 
measurement sensitivities.  
Various new FMR methods have been proposed, including a spin-transfer-driven 
FMR measurement method which uses spin-transfer torque in a layered magnetic 
structure for precession excitation [7.3], FMR force microscopy which uses a scannable 
probe field for FMR modes imaging [7.4], and scanning thermal FMR microscopy which 
has a spatial resolution in 10 nm range [7.5]. In this chapter, we present an on-chip 
microwave interferometer, which automatically cancels out the inherent common-mode 
background signal of the device in a splitting-rejoining-subtraction fashion. Thus the 
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conventional procedure of subtracting a control signal is eliminated. This idea is a fueling 
advance in low-noise high-sensitivity magnetic material measurements, biological 
sensors and polarization-transparent microphotonic devices [7.6-7.9]. Section 2 describes 
the measurement principle and a prototype device. A Py array consisting of 180 
micrometer size Py structures was characterized. Section 3 presents an advanced device 
with a 20 dB sensitivity improvement compared with its prototype shown in section 2. 
The FMR and damping properties of a single nanoscale Py wire (70 nm thick, 0.24×5 
µm
2 
lateral size, inset of Figure VII. 8) were measured at radio-frequencies (rf). The 
extracted line width and damping constant at 4.3 GHz are 120 Gauss and 0.038, 
respectively. To our knowledge, this is the smallest ferromagnetic single layer structure 
that has been characterized through FMR measurement so far. 
 
VII.2 Background Signal Cancellation and FMR Sensitivity Improvement 
The proposed FMR measurement structure prototype is shown in Figure VII. 1(a). 
Unlike the low loss structures discussed in [7.10], on-chip transmission line losses are 
severe and must be considered for the intended FMR measurement sensitivity 
improvements. 
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Figure VII.1 (a) Schematic of the measurement structure and the transmission parameter 
definitions. For simplicity, we assume the same transmission parameter S21T for the top 
and bottom branches since the length of MUT is negligible. (b) Even and odd mode 
decomposed networks of the hybrid are shown in the upper and lower panels, 
respectively. 
 
VII.2.1 Analysis of Proposed FMR Measurement Method 
The structure is composed of a Wilkinson power divider and a ring hybrid. The 
incoming signal from port 1 is split evenly via the power divider into two branches.  
Signals transmitted through the upper branch, which has the material under test (MUT), 
and the lower branch add together at port 2. The measured scattering parameter is: 
21 21 21 21 21 31 21 24out in P T MUT H P T HS b a S S S S S S S                   (VII. 1) 
where 
21PS  and 31PS  are the transmission scattering parameters of the power divider; 
21TS and 21MUTS  are the transmission scattering parameters of the straight transmission 
line and the MUT sections, respectively;  
21HS  and 24HS  are the transmission parameters 
of the ring hybrid. When the conductance loss difference of 4  and 3 4 sections are 
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negligible, the interference between the signals from 
21HS  and 24HS will significantly 
reduce the background signals.  As a result, the ratio of FMR signal to background signal 
is dramatically improved, so is the FMR measurement sensitivity.   
On-chip transmission lines are usually lossy due to limited line dimensions. So 
the conductor loss difference in 
21HS  and 24HS must be considered. Corresponding 
expressions of 
21HS  and 24HS  can be obtained with even-odd mode analysis [7.11]. 
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                   (VII.2)                 
,e oT
 and ,e o
 are the transmission and reflection coefficients of the even-odd mode two-
port networks of the hybrid excited from its sum and difference ports, the even and odd 
mode networks are shown in the upper and lower panels of Fig. 1(b), respectively.  The 
ABCD matrices of the circuits in Fig. 1(b) can be calculated by multiplying the ABCD 
matrices of the cascading 8 , 4  and 3 4  sections. Different loss constants of 4  
and 3 4  sections can be introduced in the analysis. The solid lines in Figure VI. 2(a) 
and (b) are calculated transmission coefficient of a ring hybrid and measured 
transmission coefficient of a test structure similar to that in Figure VII. 5, respectively.  
The limited background cancellation is mainly caused by the loss difference between  
21HS  and 24HS . 
Eq. (1) and (2) indicate that the conductor loss can be reduced by compensating 
the attenuation constant of the 3 4 section through the adjustment of its metal thickness.  
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The dashed lines in Figure VII. 2(a) and (b) show the transmission coefficients of the 
structures with thickness adjustment.  It is shown that significantly improved cancellation 
effects can be achieved at the designed frequency. 
Assume an ideal compensation, 
21 24H HS S   , Eq. (1) becomes: 
 21 21 21 21 21 1out in P T H MUTS b a S S S S                          (VI.3) 
The MUT section can be modeled as R  and L in series, as shown in Figure VI. 3.  
When Z R j L     is small, 
21S is: 
 21 21 21 21 0 21 21 21 02 2P T H P T HS S S S Z Z S S S R j L Z                  (VI.4) 
The coefficients 
21 21 21de P T HS S S S    can be determined by a de-embedding 
structure which is identical to the upper half of the structure shown in Figure VII. 1(a) but 
without MUT. Then we can directly measure the resistance and inductance changes of the 
MUT and detect the corresponding FMR. Measurement errors of 
deS will affect the 
accuracy of R  and  L , however the measurement sensitivity is not affected 
substantially due to the multiplication nature of Eq. (4), this is different from traditional 
subtraction de-embedding procedures. Figure VII. 4 shows the results of theoretical 
calculations and schematic simulations using Advanced Design System (ADS) for 
different MUT parameters.  It is shown that a 0.1 Ω resistance change, which is about the 
signal level of a single domain wall resonance [7.12], can be detected when 60 dB or 
better cancellation is achieved. The theoretical and ADS results match each other well. 
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Figure VII.2 Examination of background cancellation effects. (a) Theoretical calculation 
results of a ring hybrid. (b) Experimental results of the structure shown in Fig. 5. 
Compensation is performed with a 1:3 metal thickness ratio for the λ/4 and 3λ /4 sections. 
 
 
Figure VII.3 An resistance, inductance, capacitance and conductance (RLCG) model of 
the transmission line with ferromagnetic MUT. 
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Figure VII.4 Theoretical and simulated transmission coefficients vs. different MUT 
parameters. [(a) and (b)] Different resistances. [(c) and (d)] Different inductances. 
 
VII.2.2 Prototype Device Experiment Results 
A prototype device of the proposed measurement structure at 10 GHz was 
fabricated on a 4 inch fused silica wafer, shown in Figure VI. 5.  Uniplanar aluminum 
(Al) coplanar wave guide (CPW) was chosen to be the microwave transmission line.  
Coupled CPW was used to form the power divider.  The signal line and gap dimensions 
of the transmission line section bearing the Py array are 30 µm and 4.5 µm, respectively; 
the thickness of the Al is 600 nm.  Patterned polysilicon was used to form 50 Ω and 100 
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Ω resistors needed in the power divider and the hybrid. A Py array with a unit dimension 
of 2 µm wide, 20 µm long and 100 nm thick is placed with their easy axis along the CPW 
axis. The space between two adjacent Py stripes is 2 µm. All metal patterns are fabricated 
by standard photolithography, e-beam evaporation and lift-off processes. A microwave 
signal from a vector network analyzer is introduced through the input port. It generates a 
microwave magnetic field Hrf perpendicular to the Py easy axis.  The output power of the 
network analyzer was set at -10 dBm. An on-chip short, open, load and transmission 
(SLOT) calibration was performed. An external DC magnetic field was slowly swept 
from 1200 to 300 Gauss along the Py easy axis. Due to wafer space limitations, de-
embedding structures were not fabricated. But the relative
21S magnitudes for different 
bias fields are not affected as discussed above. 
 
 
Figure VII.5 Microscope pictures of the MUT, measurement device, and its components. 
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The measurement results are shown in Figure VII. 6. The reference corresponds to 
the output under a 1500 Gauss DC magnetic field applied perpendicular to the Py easy 
axis. We observed that when decreasing the bias field the peak of 
21S  magnitude 
becomes distinctively smaller, instead of becoming bigger as shown in Figure VI. 4. This 
reversal of the 
21S magnitude variation direction is due to the lack of conductor loss 
compensation in the 3 4  section of the device, which results in larger loss in
24HS . The 
measured 
21S  phase shift is relatively small compared with the magnitude change which 
implies that the peak change is mainly caused by R of the magnetic material. Eq. (4) 
shows that R  has a linear relationship with 21S . Then we can find out the line width 
H of the material under test by reading the full width at half maximum (FWHM) of the 
response, shown in Figure VII. 7(a). The frequency line width can be calculated from the 
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Here  2.8 ,  4 9 ,  676 ,  340 s dGHz kG M kG H G H G      are used, dH is the 
external magnetic field which shifts the FMR frequency of the patterned Py to the 
operation frequency of the device.  The demagnetization factors of the fabricated Py 
pattern are 0.07,  0.9233,  0.0033x y zN N N   , which are calculated as in [7.13].  The 
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The obtained f and  f shown in Figure VII. 7(b) are comparable with the 
results from OOMMF
 
[7.15] dynamic simulations of a single Py element, the damping 
constant of 0.02   was chosen according to [7.16]. The linewidth is also in line with 
the previous published data [7.17]. The broad linewidth observed is due to shape 
anisotropy, inhomogeneous line broadening and eddy currents.   
 
 
Figure VII.6 (a) S21 changes vs different bias fields larger than Hd. (b) S21 changes vs 
different bias fields less than Hd. 
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Figure VII. 7(a) S21 peak change at the resonance frequency of the fabricated device vs. 
bias field and (b) the extracted susceptibility of the tested Py array. 
 
VII.2.3 Prototype Device Conclusions 
The prototype device cancels the background parasitic signals which usually 
overwhelm the targeted FMR signal in a conventional FMR method. The extent of 
cancellation is a good indicator of signal to noise ratio improvement of the proposed 
method. For measurement sensitivity comparison, an individual CPW line with a Py array 
of 272 Py elements were fabricated and measured. The CPW line and Py elements have 
the same dimension as those shown in Figure VII. 5. No obvious FMR peaks were 
observed. One reason for the lack of the FMR observation is the relatively low CPW line 
sensitivity, another possible reason is the weak interaction between RF fields and Py 
elements since the fields are fairly weak in the middle of CPW line, the field distribution 
is shown in the inset of Figure VII. 5. An advanced on-chip microwave interferometer 
following the same principle discussed in this section is designed and fabricated. This 
new device will be presented in the following section. 
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VII.3.1 Experiment and Methods for the Advanced Device 
The interferometer and the Py nanowire were fabricated by a combination of 
photo and e-beam lithography, e-beam evaporation and subsequent lift-off on a quartz 
substrate. The on-chip microwave interferometer is shown in Figure VII. 8. This structure 
consists of two nominally identical CPW based Wilkinson power dividers and two 100 Ω 
chip resistors. The resistors were attached to the interferometer with conductive epoxy for 
reflected power dissipation. The two paths between the two dividers (upper and bottom) 
have a 180° electrical length difference at 4.3 GHz, which is the designed working 
frequency
wf . A 10 µm long and 240 nm wide Py nanowire (Cr (8 nm)/Py (70 nm)/Cr (8 
nm)/Au (50 nm)) is placed across the 5 µm gap on the signal line at the center of the 
upper path (Cr (8 nm)/ Au (50 nm)). The magnetic field generated by the microwave 
probing signal is concentrated at the Py nanowire. Hence, the coupling between the 
magnetic field and the low dimension magnetic material is enhanced [7.18]. The 
configuration of the center region of the bottom path is identical to that in the upper path, 
except that no Py layer was deposited.  
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Figure VII. 8 A microscope picture for the interferometer and an SEM picture for the Py 
nanowire under test. 
 
The interferometer is connected to a vector network analyzer and its transmission 
coefficient S21 is measured. The microwave signals passing through the two paths of the 
interferometer interfere destructively at the output port when the FMR frequency of the 
Py nanowire is away from
wf . A typical S21 is shown in Figure VII. 9. An external static 
magnetic field was applied perpendicular to the Py nanowire to shift its FMR frequency 
from the natural value _ 5.5 FMR naturalf GHz  to 4.3 wf GHz . The Py FMR precession 
induced differences in the two signal paths will result in large changes of S21. The 
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linewidth and damping parameters of the nanowire can be extracted from the measured 
relative S21 change.  
 
Figure VII. 9 A typical transmission coefficient S21 when the FMR frequency of the Py 
nanowire is away from the working frequency of the interferometer.   
 
VII.3.2 Advanced Device Measurement Results and Discussions 
The measured S21 at wf  is typically less than -77 dB as shown in Figure VII. 9 
indicating an improved background noise cancellation. A 10 µm long, 240 nm wide and 
70 nm thick Py nanowire was measured with the interferometer. The FMR frequency 
reduction process was simulated using Objective Oriented Micromagnetic Framework 
(OOMMF) [7.19].
 
The static magnetization configurations for different bias fields were 
first obtained. The susceptibility versus frequency plots are obtained by applying an 
exponentially decaying pulse field and recording the magnetization response as a 
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function of time. The complex susceptibility spectra are calculated by dividing the fast 
Fourier transform (FFT) components of the averaged magnetization in the hard axis 
direction with that of the applied pulse field. The results, shown in Figure VII. 10, 
demonstrate that when the field is around 550 Gauss the Py nanowire FMR frequency is 
shifted to 4.3 GHz. At this frequency the background common mode signal is strongly 
suppressed and the relatively large S21 change, due to FMR, is observed. The results are 
shown in Figure VII. 11. The interferometer sensitivity is defined as the relative change 







compared with prototype device and a conventional transmission line methods in our 
previous reports [7.6] and [7.20], the sensitivity is improved by at least 20 dB with the 
advanced interferometer.  
The linewidth H can be read from the full width at half maximum (FWHM). The 






  , where is the gyromagnetic 
ratio and 2 4.3GHz    [7.11]. The extracted linewidth and damping constant at 4.3 
GHz are 120 Gauss and 0.038, which are in line with previous results [7.22].   
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Figure VII. 10 Micromagnetic simulation results of the FMR frequency reduction process 
of the Py nanowire.  
 
Figure VII. 11 Relative S21 minimum value change versus external magnetic field.  
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Full wave three-dimensional (3D) electromagnetic simulation (High Frequency 
Simulation System, HFSS) is used to model the magnetic material effects and further 
evaluate the interferometer performance. Assuming uniform power absorption density in 
the patterned Py structure, Py nanowires of different dimensions can be modeled by 
keeping the 3D nanowire model the same and using different magnetic loss tangent 
values. Hence, both fabrication and simulation difficulties that are associated with 
extremely small Py structures on top of a large RF structure are alleviated. The measured 
0.24×5×0.07µm
3 
Py pattern‘s magnetic loss tangent can be extracted from the 
experimental data [7.6]. The center region of the Py nanowire test section is illustrated in 
Figure VII. 12. The light blue rectangle models the Py nanowire. The yellowish parts 
represent the gold CPW. Simulation results are shown in Figure VII. 13. When the FMR 
absorption is 100 times weaker, or the volume of the nanowire is 100 times smaller than 
the measured nanowire, the FMR response drops to the noise floor (the absolute peak 
value calculated at
wf ) of the interferometer. Hence, nanoscale magnetic patterns and 
devices with a lateral size of 100 nm diameter could be characterized. This indicates that 
the interferometer has the potential to characterize the magnetization dynamics in lower 
dimensional nanomagnetic patterns, such as a typical spin-valve.     
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Figure VII. 12 HFSS simulation model at the center region of the Py nanowire test 
section, the light blue rectangle is the Py nanowire. The gray square transverse to the Py 
nanowire is the plane on which magnetic field distributions are recorded.    
 
 
Figure VII. 13 HFSS simulation results for the FMR responses of the tested Py nanowire 
and a Py nanowire of 100-time weaker FMR power absorption.   




 An ultra sensitive microwave interferometer for the characterization of 
magnetization dynamics of a magnetic nanowire is demonstrated. The FMR and damping 
properties of a single 240 nm wide Py nanowire were successfully measured. 3D HFSS 
simulation shows that the interferometer is sufficiently sensitive for the characterization 
of magnetoelectronic devices. The interferometer is also promising for fundamental 
nanoscale magnetic physics studies. For example, the origins of the damping in magnetic 
media, which were only studied in bulk materials by microwave cavity methods, can be 
explored with the proposed interferometer.  
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